There is an increasing interest in the application of photocatalytic properties for disinfection of surfaces, air, and water. Titanium dioxide is widely used as a photocatalyst, and the addition of silver reportedly enhances its bactericidal action. However, the synergy of silver nanoparticles and TiO 2 is not well understood. The photocatalytic elimination of Bacillus atrophaeus was examined under different calcination temperatures, dip-coating speeds, and ratios of TiO 2 , SiO 2 , and Ag to identify optimal production conditions for the production of TiO 2 -and/or TiO 2 /Ag-coated glass for surface disinfection. Photocatalytic disinfection of pure TiO 2 or TiO 2 plus Ag nanoparticles was dependent primarily on the calcination temperature. The antibacterial activity of TiO 2 films was optimal with a high dip-coating speed and high calcination temperature (600°C). Maximal bacterial inactivation using TiO 2 /Ag-coated glass was also observed following high-speed dip coating but with a low calcination temperature (250°C). Scanning electron microscopy (SEM) showed that the Ag nanoparticles combined together at a high calcination temperature, leading to decreased antibacterial activity of TiO 2 /Ag films due to a smaller surface area of Ag nanoparticles. The presence of Ag enhanced the photocatalytic inactivation rate of TiO 2 , producing a more pronounced effect with increasing levels of catalyst loading.
Effective disinfection procedures are central to the safety of public water systems, not only for drinking and sanitation but also industrially, since biofouling is a commonplace and serious problem. Three of the most common methods of water or surface sterilization are chlorination, ozonation, and ultraviolet irradiation (3, 21) . However, the reaction of chlorine with natural organic matter in water forms disinfection by-products, such as haloacetic acids and trihalomethanes (e.g., chloroform), that may be harmful to human health.
Bacillus atrophaeus was used as a biological indicator to monitor sterilization processes and development of biosafety methods (10, 28, 35) . B. atrophaeus has two forms, vegetative cell and spore. The spores of the various Bacillus species are 5 to 50 times more resistant to UV radiation than are the corresponding growing cells, and mechanisms receiving the damage by UV radiation are different between the vegetative cells and spores (29) . The spore is a model for contamination of the microorganism from the environment, and vegetative cells are a model for growing bacteria. We used B. atrophaeus as the model microorganism for sterilization processes and focused on the vegetative cells as a model for growing bacteria.
Advanced oxidation processes are seen as promising alternatives to traditional methods of disinfection. Several compounds have been investigated as potential photocatalytic materials for use in water purification, including TiO 2 , SiO 2 , ZnO, CdS, ZrO 2 , V 2 O 5 , CuO, Fe 2 O 3 , Al 2 O 3 , etc. (1, 14, 15) . Of these, TiO 2 is the most suitable chemical for photocatalytic disinfection of water (7). TiO 2 is widely used as a photocatalyst because it is highly efficient, nontoxic, chemically and biologically inert, photostable, and inexpensive and has good mechanical hardness (38) . Irradiation of TiO 2 with UV light produces electron-hole pairs. Excitation of the electron in the valence band of TiO 2 produces excess energy that subsequently promotes the electron to the conduction band, creating a negativeelectron (e Ϫ ) and positive-hole (h ϩ ) pair. Formation of the electron-hole pair leads to generation of reactive hydroxyl radicals (OH) on the TiO 2 surface (26). Hydroxyl radicals are powerful oxidizers that can damage microbial cell walls and membranes, DNA, and RNA (6) .
The deposition of metal elements into the TiO 2 matrix has been used to increase the efficiency of photocatalytic disinfection (12, 37) , resulting in an increase in the hole concentration and a decrease in band gap energy, which extends the range of the photoactive response to the visible light spectrum (36) . Silver doping enhances electron hole separation in TiO 2 , the visible light excitation of TiO 2 , and by extension enhancement of the photocatalytic inactivation of microorganisms (30) . Silver exerts its antibacterial effect in one of two ways: it can degrade the lipopolysaccharides in bacterial membranes, leading to an increase in permeability (19) , or inhibit replication of DNA molecules (9) . In contrast, SiO 2 has no radical generation ability (16) . Therefore, it has been used as a control particle in studies due to its postulated lack of bacterial toxicity (20) .
The antibacterial effects of TiO 2 , either in suspension or immobilized, have been studied with respect to substrate support (e.g., glass and stainless steel) (2, 12, 25, 37) , the Ag/TiO 2 molar ratio (37) , and the light source and wavelength (13, 17, 21, 27) . However, bactericidal effects are also affected by the condition of the glass coating, the photocatalyst ratio, and the sterilization process. Therefore, the aim of this work was to produce TiO 2 -and/or TiO 2 /Ag-coated glass substrates for surface sterilization by studying the effect of calcination temperature, ratios of TiO 2 , SiO 2 , and Ag in coating films, and dip coating speed on the elimination of B. atrophaeus. Ag nanoparticle paste included 9% (by weight) protective colloid, 74% (by weight) C 2 H 5 OH, and 17% (by weight) (0.1564 g) Ag nanoparticle. The sheet density of Ag nanoparticles was estimated to be 4 ϫ 10 9 cm Ϫ2 for the film with the thickness of 105.5 nm, considering the thickness the concentration of Ag in the TiO 2 sol with the molar ratio of 6:1. The diameter of the nanoparticle in the paste was 20 nm. The molar ratio of TiO 2 /Ag, SiO 2 /Ag, or SiO 2 /TiO 2 /Ag used to prepare the coating solution is shown in Table 1 .
MATERIALS AND METHODS

Preparation
The glass substrates (76 by 26 mm, 1.2-to 1.5-mm thickness) were immersed in sol solution at rates between 0.75 and 2.25 mm/s and dried at room temperature for 10 min. The sol films were calcined at various temperatures between 250 and 600°C for 60 min in air to achieve cohesion and adhesion of the film to the substrate.
Surface morphology of the film and surface distribution of the Ag particles were studied by scanning electron microscopy (SEM) (Hitachi S-4700). An acceleration voltage of 1,500 V was applied for the SEM observation. Sample thicknesses were measured by atomic force microscopy (AFM) (NanoScopeIII; Digital Instruments Corp.).
Bacterial strains and growth conditions. Bacillus atrophaeus strain ATCC 9372 was purchased from Shikoku Kakoki Co., Ltd. (Japan) and used as a model microorganism for the disinfection experiments. The bacteria were cultured in Luria-Bertani (LB) broth (1% tryptone, 0.5% yeast extract, 1% NaCl) at 37°C with rotary shaking for 18 h. The 2-ml overnight culture was centrifuged at 12,000 rpm for 3 min. The supernatant was discarded, and the bacterial pellet was washed three times with sterilized phosphate-buffered saline (PBS) and suspended in PBS at an initial concentration of 10 8 to 10 9 CFU/ml (10 7 to 10 8 CFU/cm 2 of film). Figure 1B shows a chart of the process of bacterial killing experiments. Fifty microliters of bacterial suspension was added dropwise onto the surface of each film and exposed to a UV A light-emitting diode (UVA-LED). After irradiation, the sample was placed in a petri dish with 5 ml of PBS and shaken at 25°C for 10 min (96.65% Ϯ 0.04% of efficiency of removal from the film surfaces). Following the appropriate dilutions, the sample was placed on LB agar plates and incubated at 37°C for 24 h to obtain a colony count.
Bacterial survival was calculated by the equation log survival ratio ϭ log All results were calculated from data of three independent experiments. Photoreactor. A UVA-LED with peak irradiance at 365 nm [model NCSU033B (T); Nichia Corp.] was used to create the sterilization device. With one connection to the power source, the device ran on 20.00 V and a maximum current of 0.5 A. UVA intensity, adjusted for each experiment, was measured by the UIT-250 UV meter (Ushio Corp.). In all cases, the light was switched on 30 min before the start of the reaction to stabilize the emission power and spectrum. The UVA-LED and the surface of the bacterial solution were 1.5 cm apart. The bacterial solution was not stirred during UVA-LED irradiation, which was performed in a dark room at 25°C for various time periods. Control samples were kept in a completely dark environment in the same room for the same period of time.
RESULTS
Effect of calcination temperature. The survival of Bacillus atrophaeus was investigated as a function of the calcination temperature (Fig. 2) . Different dip-coating speeds, such as 0.75 mm/s, 1.50 mm/s, and 2.25 mm/s, were used to coat the glass substrates. The efficiency of the bactericidal activity of TiO 2 increased with increasing calcination temperature, which is consistent with previous observations of bare TiO 2 (2, 11, 35) . However, the bactericidal efficiency of TiO 2 /Ag increased with decreasing calcination temperature. SEM of the TiO 2 /Ag surface (Fig. 3) calcined at low temperature (250°C) revealed that the metallic Ag is present as small spheroid bright dots embedded in the TiO 2 matrix (Fig. 3A) . The brighter lines were characteristic of a TiO 2 /Ag surface that was calcined at high temperature (600°C) (Fig. 3B) .
Effect of dip-coating speed. Figure 4 shows the effect of dip-coating speed on the photocatalytic inactivation of Bacillus atrophaeus. The use of different dip-coating speeds (0.75 mm/s, 1.50 mm/s, and 2.25 mm/s) showed that the bactericidal activities of both pure TiO 2 and TiO 2 /Ag-coated glass sheets were maximal at the highest dip-coating speed. We found that higher dip-coating speeds enhance the thickness of the catalyst on glass substrate surfaces (dip-coating speeds of 0.75, 1.50, and 2.25 mm/s were associated with thickneses of 68, 105.5, and 143 nm, respectively.). Therefore, the optimal conditions for the use of pure TiO 2 were a high dip-coating speed (2.25 mm/s) and a high calcination temperature (600°C), and the best conditions for the production of TiO 2 /Ag-coated samples were a low calcination temperature (250°C) and a high dipcoating speed (2.25 mm/s). These optimized parameters were used for all subsequent experiments.
Effect of irradiation time. Antibacterial activity was measured as a function of irradiation time (Fig. 5) . In the absence of UVA, neither TiO 2 nor TiO 2 /Ag film exhibited bactericidal activity. Bactericidal efficiency was increased in a time-dependent manner by UVA irradiation of both TiO 2 -and TiO 2 /Agcoated samples.
Effect of catalyst ratio and irradiation dose. TiO 2 /Ag and SiO 2 /Ag, both present in atomic ratios of 6:0 and 6:1, were used to investigate the effect of a particular catalyst on photocatalytic disinfection (Fig. 6A) . Because the biological activity of SiO 2 is very low (16) , it served as the negative control for TiO 2 . UVA irradiation of SiO 2 samples induced little killing; the bactericidal activity of SiO 2 was significantly lower than that of TiO 2 . The addition of Ag enhanced UVA bactericidal activity in a dose-dependent manner. Likewise, the coating composed of SiO 2 -TiO 2 -Ag required UV exposure to acti-FIG. 2. Effect of calcination temperature of films on photocatalytic disinfection. The irradiation dose was adjusted to 9 mW/cm 2 , with an exposure time of 30 min. Samples were calcined at different temperatures (250°C, 450°C, and 600°C) and withdrawn from the catalyst suspension at a speed of 0.75 mm/s (A), 1.50 mm/s (B), or 2.25 mm/s (C). TiO 2 and TiO 2 /Ag (TiO 2 /Ag ratio ϭ 6:1) films were exposed to UVA-LED at 365 nm. f, nonirradiated TiO 2 controls; ‚, nonirradiated TiO 2 /Ag controls; F, UVA-exposed TiO 2 samples; छ, UVAexposed TiO 2 /Ag samples. All controls were kept in the dark at 25°C for the same period of time as the exposed samples. Data are expressed as means with SD from three independent experiments. 
DISCUSSION
In this study, we investigated the effect of calcination temperature, dip-coating speed, UV irradiation time, and catalyst composition on the photocatalytic inactivation of Bacillus atrophaeus. While the bacterial inactivation property of TiO 2 increased with a higher calcination temperature, the bactericidal efficiency of TiO 2 /Ag was clearly enhanced by lowering the calcination temperature (Fig. 2) . The contradiction between these and previous results can be attributed to differences in the combination of TiO 2 and Ag materials and the preparation of silver-modified photocatalysts (4, 5, 12, 18, 33, 34) . Also, few studies have used Ag nanoparticles (19, 22, 24, 31) . The surface morphology of TiO 2 /Ag films covering glass substrates was observed with SEM. As shown in Fig. 3A , small white spots were dispersed in the TiO 2 film calcined at 250°C. Based on the diameter of the Ag nanoparticles and the of TiO 2 /Ag molar ratios, the spots are the Ag nanoparticles. On the other hand, for the film calcined at 600°C, crystallized structures and larger bright areas with irregularly shape were observed in the film, and the existence of small white spots was not clear, as shown in Fig. 3B . There are two possible origins for the bright areas: one is the charge-up of the irregular crystalline surface, and the other is a silver particle formed by melting with other silver particles under a high temperature. The density of the bright areas is too high and the size is also too large considering the molar ratio of TiO 2 to Ag. Note that the molar ratio of TiO 2 to Ag for Fig. 3B was the same as that for Fig. 3A . We therefore believe that many of the bright spots come from the charge-up and not from the Ag particles. As is well known, silver nanoparticles are degraded at high temperature by a chemical reaction (8) . For our sample calcined at 600°C, the chemical reaction of the nanoparticle may decrease the number of Ag particles in the film drastically and lead to decreased performance of the catalytic function.
An important element of dip-coating technology is dip-coating speed. The thickness of a catalyst coating increases with increasing dip-coating speed because the high speed enhances catalyst adhesion to the substrate (see "Effect of dip-coating speed"). Several studies have reported that films thicker than 300 nm are easily peeled off after heat treatment (31, 32) . However, more catalyst enhances the photocatalytic disinfection efficiency of samples, (11, 12 ; this study). Thus, a high dip-coating speed and low calcination temperature should be used to produce TiO 2 /Ag photocatalysts for optimal bacterial inactivation.
The photocatalytic inactivation of B. atrophaeus was clearly enhanced with increasing irradiation time. A relatively high rate of bacterial inactivation was observed in the presence of TiO 2 and Ag, and the rate of UV light inactivation was greater than that observed for Ag photocatalysis (Fig. 5) . However, bacterial survival was not affected by nonirradiated TiO 2 or TiO 2 /Ag photocatalysts (up to 30 min in the dark), indicating that the photocatalyst itself is not toxic to Bacillus atrophaeus under our experimental conditions.
To emphasize the effect of TiO 2 and Ag on photocatalytic disinfection, films were created using a sol of SiO 2 , which has no radical generation ability (16) . The rate of disinfection is remarkably enhanced in the presence of TiO 2 as a result of not only increasing TiO 2 content but also the present and increasing Ag content. In all cases, the rate of inactivation of B. atrophaeus using TiO 2 /Ag-or SiO 2 /Ag-coated glasses was more effective than that of pure TiO 2 or SiO 2 . One of the main drawbacks of TiO 2 photocatalysis is the relatively high band gap energy of the semiconductor, which limits absorption to only 3 to 5% of irradiated light (23) . Several researchers have reported the effect of catalyst loading on photocatalytic disinfection (2, 11, 12 In conclusion, photocatalytic disinfection of pure TiO 2 or TiO 2 plus Ag nanoparticles depended mainly on the calcination temperature of samples. We found that the optimum conditions for TiO 2 samples are a 600°C calcination temperature and high dip-coating speed, and those for TiO 2 /Ag samples are a 250°C calcination temperature and a high dip-coating speed. SEM showed that the Ag nanoparticles were combined together at a high calcination temperature, leading to a decreased killing ability of TiO 2 /Ag samples because of the decreasing surface area of Ag nanoparticles. The experiment carried out to study the catalyst effect showed that the presence of TiO 2 and Ag enhanced the photocatalytic inactivation rate, having a more pronounced effect with increasing catalyst loading. FIG. 5 . Effect of irradiation time on photocatalytic disinfection. Optimized TiO 2 and TiO 2 /Ag (TiO 2 /Ag ratio ϭ 6:1) films were exposed to UVA-LED at 365 nm. The irradiation dose was adjusted to 9 mW/cm 2 . TiO 2 and TiO 2 /Ag (TiO 2 /Ag ratio ϭ 6:1) films were exposed to UVA-LED at 365 nm. f, nonirradiated TiO 2 controls; ‚, nonirradiated TiO 2 /Ag controls; F, UVA-exposed TiO2 samples; छ, UVA-exposed TiO 2 /Ag samples. All control samples were kept in the dark at 25°C for the same period of time as the exposed samples. Data are expressed as means with SD from three independent experiments.
FIG. 4.
Effect of dip-coating speed of films on photocatalytic disinfection. The irradiation dose was adjusted to 9 mW/cm 2 , with an exposure time of 30 min. Samples were withdrawn at different dipcoating speeds (0.75 mm/s, 1.50 mm/s, and 2.25 mm/s) and calcined at 250°C (A), 450°C (B), or 600°C (C). Pure TiO 2 and TiO 2 /Ag (TiO 2 /Ag ratio ϭ 6:1) films were exposed to UVA-LED at 365 nm. f, nonirradiated TiO 2 controls; ‚, nonirradiated TiO 2 /Ag controls; F, UVAexposed TiO 2 samples; छ, UVA-exposed TiO 2 /Ag samples. All controls were kept in the dark at 25°C for the same period of time as the exposed samples. Data are expressed as means with SD from three independent experiments. 
